Neurofibromatosis type 1 (NF1) is a rare autosomal dominant disease linked to mutations of the Nf1 gene. Patients with NF1 commonly experience severe pain. Studies on mice with Nf1 haploinsufficiency have been instructive in identifying sensitization of ion channels as a possible cause underlying the heightened pain suffered by patients with NF1. However, behavioral assessments of Nf1 1/2 mice have led to uncertain conclusions about the potential causal role of Nf1 in pain. We used the clustered regularly interspaced short palindromic repeats (CRISPR)-associated 9 (CRISPR/Cas9) genome editing system to create and mechanistically characterize a novel rat model of NF1-related pain. Targeted intrathecal delivery of guide RNA/Cas9 nuclease plasmid in combination with a cationic polymer was used to generate allele-specific C-terminal truncation of neurofibromin, the protein encoded by the Nf1 gene. Rats with truncation of neurofibromin, showed increases in voltage-gated calcium (specifically N-type or CaV2.2) and voltage-gated sodium (particularly tetrodotoxin-sensitive) currents in dorsal root ganglion neurons. These gains-offunction resulted in increased nociceptor excitability and behavioral hyperalgesia. The cytosolic regulatory protein collapsin response mediator protein 2 (CRMP2) regulates activity of these channels, and also binds to the targeted C-terminus of neurofibromin in a tripartite complex, suggesting a possible mechanism underlying NF1 pain. Prevention of CRMP2 phosphorylation with (S)-lacosamide resulted in normalization of channel current densities, excitability, as well as of hyperalgesia following CRISPR/ Cas9 truncation of neurofibromin. These studies reveal the protein partners that drive NF1 pain and suggest that CRMP2 is a key target for therapeutic intervention.
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Introduction
Neurofibromatosis type 1 (NF1) is a rare genetic disease characterized by tumors in the nervous system, neurological disorders and by chronic idiopathic pain. 12, 16 The prevalence of pain in patients with NF1 is unknown but quality of life-based questionnaires in Australia, Brazil, France, Italy, the United Kingdom, and the United States consistently identify both the intensity and quality of pain as having a major impact on patients with NF1. 1, 11, 21, 22, 30, 54, 63, 64 The mechanisms that promote pain in patients with NF1 are unclear. Sensitization of small-diameter nociceptive sensory neurons 43 has been suggested to explain the pain reported by patients with NF1. Consistent with this possibility, smalldiameter capsaicin-sensitive sensory neurons isolated from mice with a heterozygous truncation of the Nf1 gene, coding for the protein neurofibromin, were shown to have augmented excitability compared to neurons from wildtype mice. 59, 60 Sensory neurons from Nf1 1/2 mice, exhibit increased N-type voltage-gated Ca 21 (CaV2.2) currents. 17, 58 Furthermore, peak current densities for both tetrodotoxin-sensitive (TTX-S) and -resistant (TTX-R) sodium currents were significantly larger in Nf1 1/2 sensory neurons. 59 Stimulus-evoked release of the neuropeptides including substance P and calcitonin generelated peptide was also significantly greater from sensory neurons isolated from Nf1 1/2 mice. 26 While these findings suggested a causal link between neurofibromin expression and pain, behavioral studies with Nf1 1/2 mice reported both increased and decreased pain sensitivity in male mice, without changes in sensitivity to acute nociceptive stimuli, or in models of inflammatory, or neuropathic pain. 50 By contrast, female Nf1
1/2
mice were reported to have increased hyperalgesia. 35 Collectively, the contribution of NF1 to expression of pain behaviors remained uncertain.
As altered expression of a subunits of CaV2.2 17 had not been observed in Nf1 1/2 mice, we examined neurofibromindependent pathways that might regulate CaV2.2 activity. We previously identified the axonal growth/specification collapsin response mediator protein 2 (CRMP2) as a protein that binds directly with CaV2.2 leading increased Ca 21 current density and increased transmitter release in sensory neurons. 7 Collapsin response mediator protein 22, however, also interacts with the C-terminal domain of neurofibromin 33, 51 so that loss of neurofibromin increases CRMP2 phosphorylation, 51 which in turn, increases its association with CaV2.2. 4, 46 In addition, CRMP2 was reported to control the TTX-S Na 1 voltage-gated sodium channel NaV1.7, 19 a major determinant of nociception, 32 whose activity is increased in NF1. 59 Over 1000 pathogenic allelic variants have been reported in the Nf1 gene. 37, 62 Since 80% of patients with NF1 express a truncated neurofibromin, 20 we hypothesized that modifying the Nf1 gene rather than deleting 1 allele would recapitulate a pain phenotype allowing mechanistic investigation of pain in patients with NF1. On this basis, we evaluated (1) whether using a novel CRISPR/Cas9 strategy targeting Nf1 in sensory neurons could lead to ion channel dysregulation and hyperalgesia and (2) whether normalization of ion channel dysregulation could also normalize pain behaviors. Our data show that disruption of the interaction between CRMP2 and neurofibromin induced by CRISPR/Cas9 truncation of the Nf1 gene produces increased CaV2.2 and NaV1.7 currents along with behavioral hyperalgesia. Intrathecal targeted editing of Nf1 thereby provides direct evidence of neurofibromin involvement in pain. Further, we report a therapeutic strategy to normalize ion channel dysregulation and related pain by the targeting of the CRMP2/neurofibromin interaction via suppression of CRMP2 phosphorylation using (S)-lacosamide.
Methods

Animals
Pathogen-free, adult male and female Sprague-Dawley rats (225-250 g; Harlan Laboratories, Indianapolis, IN) were housed in temperature (23 6 3˚C) and light (12-hour light/12-hour dark cycle; lights on 07:00-19:00) controlled rooms with standard rodent chow and water available ad libitum. The Institutional Animal Care and Use Committee of the College of Medicine at the University of Arizona approved all experiments. All procedures were conducted in accordance with the Guide for Care and Use of Laboratory Animals published by the National Institutes of Health and the ethical guidelines of the International Association for the Study of Pain. Animals were randomly assigned to treatment or control groups for the behavioral experiments. Animals were initially housed 3 per cage but individually housed after the intrathecal cannulation on a 12-hour light-dark cycle with food and water ad libitum. All behavioral experiments were performed by experimenters who were blinded to the experimental groups and treatments.
Materials
All chemicals, unless noted, were purchased from Sigma (St. Louis, MO). Validated antibodies were purchased as follows: anti-CRMP2 polyclonal antibody (Sigma-Aldrich Cat# C2993 Research Resource Identifier (RRID):AB_1078573), CRMP2 pSer522 (ECM Biosciences Cat# CP2191, RRID:AB_2094486), anti-CaV2.2 polyclonal antibody (Origene Technologies, Inc, Rockville, MD), 24, 46, 47 anti-NaV1.7 (Cat# 75-103; NeuroMab, Davis, CA), 18, 19 anti-neurofibromin C-terminal (Abcam Cat# ab17963, RRID:AB_444142 or Cat# sc-67; Santa Cruz Biotechnology, Dallas, TX), 20 anti-neurofibromin N-terminal (Cat# sc-68; Santa Cruz Biotechnology) 20 and bIII-Tubulin (Cat# G712A; Promega, Madison, WI). (S)-N-benzyl 2-acetamido-3-methoxypropionamide ((S)-lacosamide; ((S)-LCM) was synthesized as described previously.
9 CRMP2-S522D-DsRed, a plasmid encoding a constitutively phosphorylated form of CRMP2 has been described previously. 18 
Single guide RNA design for Nf1 gene targeting
Our strategy was to target the neurofibromin (Nf1) gene using a single guide RNA (sgRNA) designed to target the exon 39 to result in the expression of a truncated neurofibromin protein, as reported in 80% of patients with NF1. We identified and extracted the sequence of the Nf1 gene from the genomic sequence of chromosome 10 from Sprague-Dawley rats (AC_000078.1). To design the gRNA sequence, we screened for potential off-targets using the gRNA design tool (http://crispr.mit.edu). 27 The sgRNA selected for targeting Nf1 exon 39 was located on the reverse strand: GGCAGTAACCCTTTGTCGTT, score 86 (Fig. 1A) .
Cloning of sgRNAs
We used the pSpCas9(BB)-2A-green fluorescent protein (GFP) plasmid (PX458, Cat#48138; Addgene, Cambridge, MA) 52 that allows for simultaneous expression of the Cas9 enzyme with the gRNA and GFP to control for transfection efficiency. The plasmid was cut using BbsI restriction enzyme according to manufacturer's instructions (Cat#FD1014; Thermo Fisher Scientific, Waltham, MA). The digested plasmid was extracted from a 1% agarose gel (Cat#K0691; Thermo Fisher Scientific). Oligonucleotides were designed according to Ref. 52 for the cloning of exon 39 targeting gRNA (Nf1 forward: 59-CACCGGCAGT AACCCTTTGTCGTT-39; Nf1 reverse: 59-AAACAACGACAAA GGGTTACTGCC-39) and were obtained from Eurofins. A 10-mM solution of forward and reverse oligonucleotides was annealed in a thermocycler using the following protocol: 37˚C for 30 minutes, 95˚C for 5 minutes, with a cooling to 25˚C at a rate of 5˚C/min. Then, 100 ng of the digested pSpCas9(BB)-2A-GFP plasmid was set up for ligation with 50 nM of the annealed oligonucleotides at 22˚C for 5 minutes using Rapid DNA ligation Kit (Cat#K1422; Thermo Fisher Scientific). The ligation products were transformed into Escherichia coli DH5a competent bacteria (Cat#C2987; New England Biolabs, Ipswich, MA) according to manufacturer's instructions. The integrity of all plasmids was checked by Sanger sequencing (Eurofins). A 100% efficiency was observed for the insertion of gRNA sequences into the pSpCas9 (BB)-2A-GFP plasmid. Plasmids were purified from DH5a E. coli using the NucleoBond Xtra Maxi kit (Cat# 740414; MachereyNagel, Düren, Germany).
Culturing and transfection of rat primary dorsal root ganglia neurons
Rat dorsal root ganglia (DRG) neurons were isolated from 225 to 250 Sprague-Dawley rats and then transfected using previously developed procedures. 2 In brief, removing dorsal skin and muscle and cutting the vertebral bone processes parallel to the dissection stage exposed DRG. Dorsal root ganglia were then collected, trimmed at their roots, and digested in 3 mL bicarbonate-free, serum-free, sterile DMEM (Cat# 11965; Thermo Fisher Scientific) solution containing neutral protease (3.125 mg/mL, Cat#LS02104; Worthington, Lakewood, NJ) and collagenase Type I (5 mg/mL, Cat# LS004194; Worthington) and incubated for 45 minutes at 37˚C under gentile agitation. Dissociated DRG neurons (;1.5 3 10 6 ) were then gently centrifuged to collect cells and washed with DRG media DMEM containing 1% penicillin/streptomycin sulfate from 10,000 mg/mL stock, 30 ng.ml 21 nerve growth factor, and 10% fetal bovine serum (Hyclone). Collected cells were re-suspended in Nucleofector transfection reagent containing plasmids or siRNA at the working concentrations listed above. Then, cells were subjected to electroporation protocol O-003 in an Amaxa Biosystem (Lonza, Basel, Switzerland) and plated onto poly-D-lysine-and laminin-coated glass 12-or 15-mm coverslips. Transfection efficiencies were routinely between 20% and 30% with about ;10% cell death. Small-diameter neurons were selected to target Ad-and c-fiber nociceptive neurons. For rat DRG culture small cells were considered to be ; ,30 mm. All cultures were used 48 hours after transfection. 49 ; and 3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-4-ylmethyl)-4-fluoro-piperidin-4-ylmethyl]-benzamide (TTA-P2, 1 mM, T-type). 8 Activation of I Ca was measured by using a holding voltage of 290 mV with voltage steps 200 milliseconds in duration applied at 5-second intervals in 110 mV increments from 270 to 160 mV. Current density was calculated as peak I Ca /cell capacitance. Steady-state inactivation of I Ca was determined by applying an 800-millisecond conditioning prepulse (2100 to 220 mV in 110 mV increments) after which the voltage was stepped to 220 mV for 200 milliseconds; a 15-second interval separated each acquisition.
Whole-cell voltage clamp recordings were performed at room temperature (RT) using an EPC 10 Amplifier-HEKA as previously described. 19 The internal solution for voltage clamp sodium current recordings contained (in millimolar): 140 CsF, 1.1Cs-EGTA, 10 NaCl, and 15 HEPES (pH 7. Dorsal root ganglia neurons were subjected to current-density (I-V) and fast-inactivation voltage protocols as previously described. 18, 24 In the I-V protocol, cells were held at a 280 mV holding potential before depolarization by 20-millisecond voltage steps from 270 to 160 mV in 5-mV increments. This allowed for collection of current density data to analyze activation of sodium channels as a function of current vs voltage and also peak current density, which was typically observed near ; 0 to 10 mV and normalized to cell capacitance (pF). In the fast-inactivation protocol, cells were held at a 280 mV holding potential prior to hyperpolarizing and repolarizing pulses for 500 milliseconds between 2120 to 210 mV in 5 mV increments. This step conditioned various percentages of channels into fast-inactivated states so that a 0-mV test pulse for 20 milliseconds could reveal relative fast inactivation normalized to maximum current. Dorsal root ganglia were subjected to current-density (I-V) protocol and H-infinity (pre-pulse inactivation protocol). To estimate TTX-R contributions, I-V protocol was run after 10 minutes incubation with 500 nM TTX. Following holding at 2100 mV, 200-millisecond voltage steps from 270 to 160 mV in 5-mV increments allowed for analysis of peak currents.
To isolate the potassium current (I K ), neurons were superfused with a Ringer solution wherein NaCl was substituted with equimolar N-methyl-glucamine chloride and was composed of (in millimolar) 140 N-methyl-glucamine chloride, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 10 glucose, pH adjusted to 7.4 with KOH. Recording pipettes were filled with the following solutions (in millimolar): 140 KCl, 5 MgCl 2 , 4 ATP, 0.3 GTP, 2.5 CaCl 2 , 5 EGTA, and 10 HEPES, adjusted pH at 7.3 with KOH. The membrane was held at 260 mV. Activation of I K was determined by voltage steps 300 milliseconds in duration, which were applied at 5-s intervals in 110-mV increments from 280 to 160 mV. Steadystate inactivation of I K was measured by applying a 15-s conditioning prepulse (2100 to 120 mV in 120-mV increments) after which the voltage was stepped to 160 mV for 200 milliseconds; a 20-second interval separated each acquisition. The fast inactivating I K A was isolated by subtraction of the currents obtained for a conditioning prepulse to 240 mV from those obtained for a prepulse to 2100 mV. Initially, a 4-s prepulse to 2100 mV was applied followed by voltage steps of 500 milliseconds that ranged from 280 to 140 mV in 120-mV increments at 15-s intervals. This was followed by an identical voltage protocol using a prepulse to 240 mV. I A was obtained by digital subtraction of these current traces. Inactivation of I K A was determined by using a series of 4-second prepulses that ranged from 2100 to 240 mV (110-mV increments) that were immediately followed by a 200-millisecond step to 240 mV.
Fire-polished recording pipettes and 2 to 5 mV resistances were used for all recordings. Whole-cell recordings were obtained using a HEKA EPC-10 USB (HEKA Instruments Inc, Bellmore, NY); data were acquired using a Patchmaster (HEKA) and analyzed with a Fitmaster (HEKA). Capacitive artifacts were fully compensated, and series resistance was compensated by ;70%. Recordings made from cells with greater than a 5-MV shift in series resistance compensation error were excluded from analysis. All experiments were performed at RT (;23˚C).
Whole-cell patch recording of spontaneous and evoked action potential in acutely dissociated dorsal root ganglia neurons
For current-clamp recording, the internal solution contained (in millimolar) 137 KCl, 10 NaCl, 1 MgCl 2 , 1 EGTA, and 10 HEPES adjusted to pH 7.3 with KOH. The external solution contained (in millimolar) 154 NaCl, 5.6 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 Glucose, and 8 HEPES adjusted to pH 7.4 with NaOH. The DRG neurons with a resting potential more hyperpolarized than 240 m V, stable baseline recordings, and evoked spikes that overshot 0 mV were used for experiments and analysis. Two protocols were used to access DRG excitability: first, a series of current steps that were 500-millisecond in duration and of 10-pA steps from 250 pA were used to determine the rheobase; second, neurons were held at resting potentials and injected with a 1-s ramp of depolarizing current that had a final amplitude of 1000 pA. The DRG neurons were then held at 0 pA to record spontaneous action potential for 5 minutes. Bridge balance was compensated to above 60% for the recorded DRG neurons. All recordings were made at RT.
Calcium imaging
Dorsal root ganglia neurons were loaded at 37˚C with 3 mM Fura-2AM (Cat#F-1221; Life Technologies, stock solution prepared at 1 mM in DMSO, 0.02% pluronic acid, Cat#P-3000 MP; Life Technologies) for 30 minutes (lex 340, 380 nm/lemi 512 nm) to follow changes in intracellular calcium ([Ca 21 ]c) in Tyrode solution (at ;310 mOsm) containing 119 mM NaCl, 2.5 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 25 mM HEPES, pH 7.4, and 30 mM glucose. Incubation with (S)-LCM (10 mM) was done during the loading of the cells with Fura-2AM and the drugs were also added to the excitatory solution. All calcium-imaging experiments were done at RT (;23˚C). Baseline was acquired for 1 minute followed by stimulation (15 seconds) with an excitatory solution (at ;310 mOsm) composed of 32 mM NaCl, 90 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 25 mM HEPES, pH 7.4, and 30 mM glucose. Fluorescence imaging was performed with an inverted microscope, Nikon Eclipse Ti-U (Nikon Instruments Inc, Melville, NY), using objective Nikon Fluor 43 and a Photometrics cooled CCD camera CoolSNAP ES 2 (Roper Scientific, Tucson, AZ) controlled by NIS Elements software (version 4.20, Nikon Instruments). The excitation light was delivered by a Lambda-LS system (Sutter Instruments). The excitation filters (340 6 5 nm and 380 6 7 nm) were controlled by a Lambda 10 to 2 optical filter change (Sutter Instruments). Fluorescence was recorded through a 505-nm dichroic mirror at 535 6 25 nm. To minimize photobleaching and phototoxicity, the images were taken every 10 seconds during the time-course of the experiment using the minimal exposure time that provided acceptable image quality. The changes in [Ca 21 ] c were monitored by following the ratio of F 340 /F 380 , calculated after subtracting the background from both channels.
Immunohistofluorescence and epifluorescence imaging
L5 DRG were dissected from adult rats and then fixed using 4% paraformaldehyde for 4 hours at RT. Dorsal root ganglia were next transferred into a 30% sucrose solution and left at 4˚C until sinking of the tissues could be observed (;3 days). Tissues were cut at 10-mm thickness using Bright OTF 5000 Microtome Cryostat (Hacker Instruments and Industries, Inc, Winnsboro, SC) and fixed onto gelatin coated glass slides and kept at 220˚C until use. Prior to antibody staining, slides were dried at RT for 30 minutes and incubated with phosphate-buffered saline (PBS) containing 200 mM NH 4 Cl for 30 minutes. Next, the slides were incubated with PBS containing 3% sodium deoxycholate for 30 minutes at RT; these 2 PBS incubations were performed to reduce the background fluorescence of the tissue. Dorsal root ganglia slices were permeabilized and saturated using PBS containing 3% BSA, 0.3% triton X-100 solution for 30 minutes at RT, and then Nor C-terminal epitope neurofibromin antibodies were added overnight. The slices were then washed 3X in PBS and incubated with PBS containing 3% BSA, 0.3% triton X-100 containing secondary antibodies (Alexa 488 goat anti-rabbit or Alexa 594 goat anti-mouse secondary antibodies [Life Technologies]) for at least 3 hours at RT. After 3 washes (PBS, 10 minutes, RT), DAPI was used to stain the nuclei of cells. Slides were mounted and stored at 4˚C until analysis. Immunofluorescent micrographs were acquired on an Olympus BX51 microscope with a Hamamatsu C8484 digital camera using a 20X UplanS Apo 0.75 numerical aperture objective. The freeware image analysis program ImageJ (http://rsb.info.nih.gov/ij/) was used to generate merged images. To quantitatively evaluate Nf1 editing, every fifth DRG section was selected from the consecutive serial sections (7-10 sections for each DRG), and in each selected section, the intensity of neurofibromin in all neuronal cells was determined. For a given experiment, all images were taken using identical acquisition parameters by individuals blinded to the treatment groups.
Implantation of intrathecal catheter
For intrathecal drug administration, rats were chronically implanted with catheters as described by Yaksh and Rudy. 67 Rats were anesthetized with halothane and placed in a stereotactic head holder. The occipital muscles were separated from their occipital insertion and retracted caudally to expose the cisternal membrane at the base of the skull. Polyethylene tubing was passed caudally from the cisterna magna to the level of the lumbar enlargement. Animals were allowed to recover and were examined for evidence of neurologic injury. Animals with evidence of neuromuscular deficits were excluded.
In vivo transfection of CRISPR plasmids
For in vivo transfection, the plasmids pSpCas9(BB)-2A-GFP-Nf1-gRNA or pSpCas9(BB)-2A-GFP-Nf1-control-gRNA were diluted to 0.5 mg/mL in 5% sterile glucose solution. Then, Turbofect in vivo transfection reagent (Cat#R0541; Thermo Fisher Scientific) was added following manufacturer's instructions and as published previously. 44 Finally, 20 mL of the plasmid complexes were injected intrathecally in Sprague-Dawley rats.
2.11. Genomic DNA purification and sequencing of offtarget effects Genomic DNA purified from DRG and spinal cord tissues using Quick-gDNA MiniPrep Kit (Cat# 11-317AC; Genesee, San Diego, CA). PCR was performed using 5X HOT FIREPol Evagreen (Cat# 08-24-00020; Solis Biodyne, Tartu, Estonia) according to the manufacturer's instructions. Specific primer sequences used are given in Supplementary Figure 1 (available online at http://links. lww.com/PAIN/A446). PCR efficiency was tested by running the samples on a 1% agarose gel containing SYBR Safe DNA Gel Stain (Cat# S33102; Thermo Fisher Scientific). Samples were sent for Sanger sequencing and obtained sequences were analyzed by alignment with the target regions within the Rattus norvegicus genome. As a control for off-target effects of our CRISPR/Cas9 editing strategy, we sequenced 11 potential offtarget binding sites predicted using COSMID (crispr.bme.gatech. edu). 10 We sequenced 11 genomic regions, in 16 tissues, DRG (L4, L5, and L6) and dorsal horn of the lumbar region of the spinal cord (n 5 4 controls and n 5 4 CRISPR Nf1 per tissue). We found only 1 occurrence of an off-target alteration among the 176 sites screened (Supplementary Figure 1 , available online at http://links. lww.com/PAIN/A446); this occurred in a noncoding region of the DNA.
Measurement of thermal withdrawal latency
The method of Hargreaves et al. 25 was used. Rats were acclimated within Plexiglas enclosures on a clear glass plate maintained at 30˚C. A radiant heat source (high-intensity projector lamp) was focused onto the plantar surface of the hind paw. When the paw was withdrawn, a motion detector halted the stimulus and a timer. A maximal cutoff of 33.5 seconds was used to prevent tissue damage.
Testing of allodynia
The assessment of tactile allodynia (ie, a decreased threshold to paw withdrawal after probing with normally innocuous mechanical stimuli) consisted of testing the withdrawal threshold of the paw in response to probing with a series of calibrated fine (von Frey) filaments. Each filament was applied perpendicularly to the plantar surface of the paw of rats held in suspended wire mesh cages. Withdrawal threshold was determined by sequentially increasing and decreasing the stimulus strength (the "up and down" method), and data were analyzed with the nonparametric method of Dixon, as described by Chaplan et al. 6 and expressed as the mean withdrawal threshold.
Assessment of mechanical hyperalgesia-Randall Selitto test (paw pressure test)
The assessment of mechanical hyperalgesia consisted of measuring the withdrawal threshold of the paw both ipsilateral and contralateral to the site of nerve injury or inflammation in response to continuously-increased pressure (noxious stimuli) using Randall Selitto method. 53 Animals were exposed to the testing apparatus and the experimenter for 1 day prior to testing for 3 times. Paw withdrawal threshold was assessed using the Randall-Selitto nociceptive paw withdrawal flexion reflex test with an Ugo-Basile algesymeter (Stoelting, Chicago, IL), which applies a linearly increasing mechanical force to the plantar surface of the rat's hind paw. A sharp withdrawal of the paw or vocalization is the end point. Testing was performed in alternating fashion on left and right hind paws for 3 times. Reported paw withdrawal thresholds are the mean of 3 tests. Paw withdrawal thresholds (in grams) are calculated according to the weight applied: 0 weight 5 103 of the reading; 1 weight 5 203 of the reading; 2 weights 5 303 of the reading. Cutoff at 500 g. Compared to the baseline, an increase/decrease of the paw withdrawal threshold indicates the analgesic/hyperalgesic effects of the treatments.
Elevated plus maze
The elevated plus maze (EPM) consists of 4 elevated (50 cm) arms (50 cm long and 10 cm wide) with 2 opposing arms containing 30-cm high opaque walls. Elevated plus maze testing occurred in a quiet testing room with ambient lighting at ;500 lux. On day of testing, rats were allowed to acclimate to the testing room for 20 minutes. Each rat was placed in a closed arm, facing the enter platform and cage mates started in the same closed arm. Each rat was allowed 5 minutes to explore the EPM and then returned to its home cage. Between animals the EPM was cleaned thoroughly with Versa-Clean (Thermo Fisher Scientific). Elevated plus maze performance was recorded using an overhead video camera (MHD Sport 2.0 WiFi Action Camera; Walmart.com) for later quantification. Open and closed arm entries were defined as the front 2 paws entering the arm, and open arm time began the moment the front paws entered the open arm and ended upon exit. An anxiety index was calculated. The index combines EPM parameters into 1 unified ratio with values ranging from 0 to 1, with a higher value indicating increased anxiety. 28 The following equation was used for calculation of the anxiety index: 24 Protease inhibitors (Cat# B14002; Biotools, Houston, TX), phosphatase inhibitors (Cat# B15002; Biotools), and benzonase (Cat#71206; Millipore, Billerica, MA). Protein concentrations were determined using the BCA protein assay (Cat# PI23225; Thermo Fisher Scientific).
Immunoblot preparation and analysis
Indicated samples were loaded on 4% to 20% Novex gels (Cat# EC60285BOX; Thermo Fisher Scientific). Proteins were transferred for 1 hour at 120 V using TGS (25 mM Tris pH 5 8.5, 192 mM glycine, 0.1% (mass/vol) SDS), 20% (vol/vol) methanol as transfer buffer to polyvinylidene difluoride membranes 0.45 mm (Cat# IPVH00010; Millipore), preactivated in pure methanol. After transfer, the membranes were blocked at RT for 1 hour with TBST
(mass/vol) nonfat dry milk, then incubated separately in indicated primary antibodies in TBST, 5% (mass/vol) BSA, overnight at 4˚C. Following incubation in horseradish peroxidase-conjugated secondary antibodies from Jackson immunoresearch, blots were revealed by enhanced luminescence (WBKLS0500; Millipore) before exposure to photographic film. Films were scanned, digitized, and quantified using Un-Scan-It gel version 6.1 scanning software by Silk Scientific Inc.
Confocal imaging
Immunocytochemistry was performed on DRG that were transfected as described above. Briefly, cells were fixed using 4% paraformaldehyde, 4% sucrose for 20 minutes at RT. Permeabilization was achieved by 30 minutes incubation in PBS, 0.1% Triton X-100, following which nonspecific binding sites were saturated by PBS containing 3% BSA for 30 minutes. Cell staining was performed with primary antibodies in PBS with 3% BSA overnight at 4˚C. Cells were then washed 3 times in PBS and incubated with PBS containing 3% BSA and secondary antibodies (Alexa 488 goat anti-mouse and Alexa 594 goat anti-rabbit from Life Technologies) for 1 hour at RT. Immunofluorescent micrographs were acquired on a Nikon C1si scanning confocal microscope using CFI Plan APO VC 360 oil immersion objective with 1.4 numerical aperture. Camera gain and other relevant settings were kept constant. Colocalization analysis preformed with NiS Elements-Nikon (version 4.20, Nikon Instruments). Membrane-to-cytosol ratio was determined by defining regions of interest on the cytosol and the membrane of each cell using ImageJ. Total fluorescence was normalized to the area analyzed and before calculating the ratios.
Statistical analyses
All data were first tested for a Gaussian distribution using a ShapiroWilk test (Graphpad Prism 7 Software). The statistical significance of differences between means was determined by either Student's t test, parametric analysis of variance followed by post hoc comparisons (Tukey) using GraphPad Prism 7 Software. All behavioral data were analyzed by nonparametric 2-way analysis of variance (post hoc: Student-Neuman-Kuels) in FlashCalc (Dr. Michael H. Ossipov, University of Arizona, Tucson, AZ). Differences were considered to be significant if P #0.05. All data were plotted in GraphPad Prism 7. No outlier data were removed.
Results
Design of a CRISPR/Cas9 strategy for Nf1 gene editing
We designed a clustered regularly interspaced short palindromic repeats (CRISPR) associated protein-9 nuclease (Cas9) approach to induce a double stranded break in exon 39 of the rat Nf1 gene (Fig. 1A) . The primary reasons for selecting this region of the gene, which would lead to deletion of the C-terminus, were (1) almost 80% of patients with NF1 express a C-terminally truncated neurofibromin 20 and (2) more than 1000 pathogenic variants (insertions, microdeletions, copy number alterations) have been reported in the Nf1 gene. 37, 62 Given this wide mutational spectrum and the complexity of genotype-phenotype associations, we selected the C-terminus as it is a region recurrently altered in NF1. Non-end joining repair mechanisms are error prone and introduce mutations during DNA repair leading to early stop codons and expression of a truncated protein. Sensory neurons transfected with CRISPR/Cas9 plasmid with a sgRNA for Nf1 exhibited a loss of neurofibromin expression as revealed with a C-terminus specific antibody (Fig. 1B) , demonstrating the efficiency of Nf1 gene editing in rat sensory neurons.
N-type Ca
21 channel current densities are increased after CRISPR/Cas9 editing of Nf1
We, and others, previously reported an increase in voltage-gated N-type Ca 21 (CaV2.2) channel current densities in neurons from 21 currents in NF1. In addition, Nicol and colleagues reported that there were no significant differences in L-, P/Q-, Tand R-type currents between Nf1 1/2 and wildtype mice. 17 Therefore, we asked if CRISPR/Cas9-mediated truncation of Nf1 could recapitulate the dysregulated CaV2.2 activity. Sensory neurons transfected with a CRISPR/Cas9 plasmid containing the Nf1 sgRNA exhibited increased CaV2.2 current densities compared to sensory neurons transfected with a plasmid with no sgRNA (Fig. 1C-E) . CaV2.2 activation properties were unchanged by truncation of Nf1 (Fig. 1F) . Thus, truncating neurofibromin elicits CaV2.2 dysregulation.
3.3. Tetrodotoxin-sensitive Na 1 channel current densities are augmented after CRISPR/Cas9 editing of Nf1 Na 1 peak current densities are increased in sensory neurons from Nf1 1/2 mice. 59 Thus, we asked if CRISPR/Cas9 editing of Nf1 would recapitulate the dysregulated Na 1 currents. Compared to sensory neurons transfected with a plasmid with a control sgRNA, sensory neurons transfected with a CRISPR/ Cas9 plasmid containing Nf1 sgRNA demonstrated increases in total ( Fig. 2A-C) and TTX-S (Fig. 2D-F) , but not TTX-R (Fig.  2G-I ), voltage-gated Na 1 channel current densities upon their isolation with a combined electrophysiology and pharmacological 55 protocol. Because the DRG currents recorded were large (in some cases over 10 nA), even partially compensated series resistance could result in substantial voltage errors precluding accurate determination of changes in peak current densities, therefore we also plotted the data as normalized to conductance. Sodium conductance (G) was calculated using the net current and reversal potential recorded from each cell. The conductance-voltage relation was fit with the Boltzmann relation, and the conductance for each neuron was then normalized to the maximal value of G (G max ) obtained from the fit. The G/Gmax-voltage relation is summarized in (Supplementary Figure 1 , available online at http://links.lww.com/PAIN/ A446). The Boltzmann fitting parameters, V 0.5 and k, for the peak and steady-state measurements are shown in Table 1 . There was a significant (P , 0.05) leftward shift in activation to more hyperpolarizing voltages (11 mV shift for total Na 1 currents; 2.4 mV for TTX-S currents; and 6.9 mV for TTX-R currents) in neurons transfected with a CRISPR/Cas9 plasmid containing the Nf1 sgRNA compared to those with control sgRNA, suggesting that more channels are likely to be open at potentials between 210 and 240 mV. The slope k of activation was also significantly faster for total Na 1 and TTX-R currents in neurons transfected with a CRISPR/Cas9 plasmid containing the Nf1 sgRNA compared to those with control sgRNA. No other changes were observed in biophysical properties of the recorded channels ( Table 1 ) or on persistent sodium currents (Fig. 3) .
CRISPR/Cas9 editing of Nf1 increases sensory neuron excitability
As voltage-gated sodium channels contribute to neuron excitability, a phenomenon that is directly linked to transmission of a painful stimuli, we next investigated excitability properties of sensory neurons following truncation of Nf1. Consistent with the increase in total and TTX-S Na 1 currents in neurofibromintruncated neurons, CRISPR/Cas9-mediated truncation of Nf1 in sensory neurons resulted in increased action potential (AP) firing (3.5 6 0.8 for control sgRNA [n 5 12] vs 9.6 6 2.0 for Nf1 sgRNA [n 5 13]) (Fig. 4A-C) ; decreased rheobase (349.2 6 57.0 for control sgRNA [n 5 12] vs 179.2 6 40.5 for Nf1 sgRNA [n 5 13]), the current required to initiate an action potential (Fig. 4D-F) ; but no change in resting membrane potential (256. (Fig. 4H) ; and AP half width (7.1 6 1.1 for control sgRNA [n 5 12] vs 7.4 6 1.4 for Nf1 sgRNA [n 5 13]) (Fig. 4I) . Spontaneous activity was not observed in any of the Nf1-edited DRG (n 5 13; data not shown). Together, these observations recapitulate the ionic dysregulation observed in sensory neurons of Nf1 1/2 mice.
Potassium currents are not affected by CRISPR/Cas9 editing of Nf1
Next, experiments were performed to determine if potassium current (I K ) could account for the augmented excitability observed in sensory neurons expressing truncated neurofibromin compared with unedited neurofibromin. In these recordings from rat sensory neurons, 2 distinct phenotypes of I K were observed. One exhibited rapid activation with little timedependent inactivation (Fig. 5A) , whereas the other type showed rapid activation with more rapid inactivation kinetics (Fig. 5G) . Both phenotypes of I K were observed in each edited condition. The current density-voltage relations for the peak (Fig. 5B ) and steady-state (Fig. 5C ) I K s in control and Nf1-edited neurons were nearly identical. The current values were transformed to G and plotted as described above. The G/G max -voltage relation is summarized in Figure 5D , E and indicates there is little difference in either the peak or steadystate values between the 2 groups. The Boltzmann fitting parameters, V 0.5 and k, for the peak and steady-state measurements were also not different (data not shown). Similar to I K activation, there were no significant differences in the properties of steady-state inactivation for I K between neurons of the 2 edited conditions (Fig. 5F ). The rapidly inactivating type of I K known as I A was isolated by subtracting the currents obtained at a holding potential of 2100 mV from those obtained at 240 mV (see Methods); the results for a representative wild-type neuron are shown in Figure 5G . All isolated I A traces, regardless of the edited condition, had a peak current that rapidly decayed over time and then reached a stable plateau (Fig. 5H) . When the currents were normalized to cell capacitance, the pA/pF-voltage relations were not different (Fig. 5H) . The G/G max -voltage relations are summarized in Figure 5I and demonstrate the similarities in voltage dependence for both activation and inactivation of I A in these 2 conditions. The relations for G/Gmax-voltage were fitted by the Boltzmann relation and the values for V 0.5 and k, for the peak and steady-state measurements were not different (data not shown), for the activation of I A in the 2 genotypes were not different. Therefore, differences in I K or I A do not account for the enhanced excitability in Nf1-edited neurons.
Targeted intrathecal delivery of Nf1 sgRNA achieves neurofibromin editing in the spinal cord
Having demonstrated that CRISPR/Cas9 editing of Nf1 results in increased CaV2.2 and NaV1.7 current densities and an increase in excitability in sensory neurons, we next asked if this strategy would produce effects in vivo. We selected rats rather than mice as a model here for technical considerations as well as for data consistency because (1) repeated injections of the CRISPR plasmid were needed to achieve efficient editing (data now shown); lumbar puncture can be performed in mice, but the intrathecal catheterization method in rats is more reliable and with less chance of producing variable damage to the spinal nerves during repeated punctures; and (2) behavioral assays are generally more reliable in rats because of less spontaneous movement of rats compared with mice. Thus, lumbar intrathecal catheters were placed in rats to permit repeated spinal drug delivery of sgRNAs. Following 3 intrathecal (i.t.) injections of control or Nf1 sgRNAs, given once per day for 3 days, rats were monitored for various behaviors (see below) and sacrificed 7 days following the last i.t. injection. CRISPR/Cas9 plasmid containing Nf1 sgRNA given i.t. resulted in on-target editing of the Nf1 gene (Supplementary Figure 2 , available online at http://links.lww.com/PAIN/A447) and in a 58.6 6 14.0% (n 5 146 neurons from 3 slices) loss of C-terminal neurofibromin immunoreactivity in L5 lumbar DRG (Fig. 6A-C) while N-terminal neurofibromin immunoreactivity was unchanged compared to control plasmid (Fig. 6A-C) .
Because neurofibromin is also abundantly expressed in the rodent spinal cord, 14 it is conceivable that the effects of Nf1 sgRNA plasmid injection intrathecally could have editing effects not only on DRG neurons but also on second order sensory neurons in the spinal cord. To address this possibility, we performed immunoblotting of dorsal horn of the spinal cord from rats injected with control or Nf1 sgRNAs. Spinal cord lysates from Nf1 sgRNA-injected rats showed the presence of full-length as well as a C-terminally truncated neurofibromin protein in comparison to the predominantly full-length band observed in control-sgRNA injected samples ( Fig. 6D; top) . Immunoblotting with the N-terminal neurofibromin antibody revealed the presence of full-length protein that was reduced in samples from Nf1 sgRNA-injected rats compared to those from control-sgRNAinjected rats ( Fig. 6D; bottom) . Neurofibromin is a negative regulator of the Ras signal transduction pathway 13 (Fig. 6E) . Loss or alteration of neurofibromin is thus expected to result in unopposed stimulation of the Ras signal transduction pathway leading to activation of the Raf/ MEK/ERK pathways. To test this, we evaluated phosphorylation of ERK, a downstream target of Ras signaling, in the dorsal horn spinal cord as this is a major termination zone of nociceptive primary afferents. We detected an increase in the levels of active ERK in dorsal horn spinal cord from Nf1 sgRNA-injected rats compared to those from control-sgRNA-injected rats (Fig. 6F) . Taken together, these results show that (1) Nf1 gene editing leads to expression of a C-terminally truncated neurofibromin in the DRG and spinal cord and (2) ERK activity is increased despite preservation of neurofibromin's GTPase-activating protein (GAP)-related domain, suggesting that ERK activation is independent of Ras in NF1, as reported previously. 34 
Nf1 gene editing in vivo elicits modality specific responses in rats
CRISPR/Cas9 editing of Nf1 resulted in increased CaV2.2 and NaV1.7 current densities and an increase in excitability of sensory neurons, suggesting that sensitization of nociceptive sensory neurons may contribute, in part, to the pain states observed in patients with NF1. To address if truncation of Nf1 in sensory neurons and spinal cord could alter pain behaviors, rats spinally injected with control or Nf1 sgRNA plasmids were evaluated for their ability to respond to noxious thermal and mechanical stimuli and to normally innocuous tactile stimuli. Rats injected i.t. with a Nf1 sgRNA plasmid demonstrated a time-dependent decrease in withdrawal latency to a thermal stimulus (Fig. 7A and B) , indicating that truncation of neurofibromin results in development of thermal hyperalgesia. However, thresholds to mechanical probing with von Frey filaments were not changed between the Fig. 7C and D) . While a generalized enhancement in excitability of C-fibers would be expected to enhance mechanical pain from C-fibers, stimulation by normally innocuous von Frey hairs may depend more on activation of A-fiber mechanoreceptors. Therefore, we used
Randall-Sellito stimulation to test for possible changes in threshold to mechanical pain. Male rats did not show any changes in their noxious mechanical thresholds irrespective of neurofibromin editing (Fig. 7E) . By contrast, female rats injected with Nf1 sgRNA plasmid demonstrated a small but significant reduction in their nociceptive thresholds (;27% reduction) compared to control-edited rats (Fig. 7F) .
Taken together, these results show that Nf1 gene editing leads to expression of a C-terminally truncated neurofibromin, to increased Ca 21 and Na 1 currents, and to neuronal excitability, culminating in enhanced nociceptive responses to noxious but not innocuous stimulation. In addition, Nf1 gene editing failed to alter anxiety-like behaviors as both male and female rats showed normal response in the EPM test (Fig. 7G and H) .
(S)-Lacosamide normalizes the phenotype of CRISPR/ Cas9 editing of Nf1 in vitro and in vivo
A strong convergence of signaling pathways for neurofibromin and CRMP2 was suggested by findings that neurofibromin directly binds to CRMP2, as well as, indirectly modulates the kinases that phosphorylate CRMP2. 51 We recently showed a direct positive effect of CRMP2 on calcium channel trafficking in sensory neurons. 3 Thus, CRMP2 interaction with neurofibromin may be a novel mechanism for regulating phosphorylated CRMP2 levels in sensory neurons and, in turn, directing Ca 21 channel trafficking and activity (Fig. 8A) . Consistent with the demonstration that loss of neurofibromin results in increased CRMP2 phosphorylation by cyclin dependent kinase 5 (Cdk5), 51 a post-translational modification that increases CaV2.2 activity, 4 we observed that editing of Nf1 results in an upregulation of Cdk5-phosphorylated levels of CRMP2 (Fig. 8B) . We previously characterized (S)-lacosamide ((S)-LCM) as a small molecule inhibiting both CRMP2 phosphorylation by Cdk5 46 and CaV2.2 activity in sensory neurons. 42 Specificity of (S)-LCM for CRMP2 phosphorylation was deduced from the following observations: (1) (S)-LCM did not inhibit Cdk5-mediated phosphorylation of a mutant CRMP2 engineered to be unable to bind this small molecule 46 ; (2) We hypothesized that restricting CRMP2 phosphorylation with (S)-LCM would reverse ion channel dysregulation observed following Nf1 gene editing. Increased Ca 21 currents (Fig. 8C ) as well as increased total and TTX-S Na 1 currents (Fig. 8D ) recorded in Nf1 edited DRG neurons were normalized to wild type levels by incubation with (S)-LCM. (S)-LCM did not affect the biophysical properties of the channels, suggesting that the changes in current densities were likely due to alterations in the number of available Ca 21 (CaV2.2) and Na 1 (NaV1.7) channels at the cell membrane. Confocal imaging revealed a decreased surface localization (Fig. 8E ) of these channels following (S)-LCM treatment (Fig. 8F) , thus confirming this hypothesis.
Excitability properties observed following CRISPR/Cas9-mediated truncation of Nf1 in sensory neurons were normalized by (S)-LCM, including a suppression in number of action potentials (Fig. 9A-C) , an increase in rheobase (Fig. 9E-F) , and no change in resting membrane potential (Fig. 9G) , AP spike height (Fig. 9H) , or AP half width (Fig. 9I) . Finally, we tested whether (S)-LCM could reverse the thermal hyperalgesia induced by Nf1 gene editing in vivo. Oral administration of (S)-LCM reversed the decreased paw withdrawal latency in both male and female rats (Fig. 9J-K) . These results identify CRMP2 phosphorylation by Cdk5 as a pathologic event underlying the increased pain sensitivity in NF1 and demonstrate the potential of using (S)-LCM as a therapeutic strategy.
Discussion
The present study provides a direct link between neurofibromin expression and pain. Targeted truncation of neurofibromin, achieved by acute CRISPR/Cas9 editing of the Nf1 gene in adult rats, resulted in increases of Ca 21 (CaV2.2) and Na 1 (TTX-S, mostly NaV1.7) currents confirming previous observations of channel dysregulation observed in sensory neurons from Nf1 haploinsufficient mice. 17, 59, 60 These gains-of-function resulted in increased nociceptor excitability. Importantly, Nf1 editing resulted in thermal hyperalgesia in vivo in both male and female rats. Using this new rat model of NF1, we identify CRMP2 as a central protein contributing, in consort with neurofibromin, to CaV2.2 and NaV1.7 ion channels dysregulation. The concordance in normalization of ion channel dysregulation by a CRMP2-directed strategy and of hyperalgesia supports the translational targeting of CRMP2 to curb NF1-related pain.
While Nf1 1/2 mice have provided a basis for mechanistic investigation of disorders related to NF1, studies using these mice to understand the relationship of neurofibromin to pain have yielded contradictory results preventing definitive conclusions. Notably, no alteration of their baseline thermal hyperalgesia was observed. Also, these mice do not develop peripheral nerve sheath tumors or other characteristic symptoms of human NF1, 29 suggesting that they do not fully recapitulate the disease. For this reason, we focused on mechanistic modeling of pain, an important symptom of patients with NF1. To this end, a recent computational functional genomics-based study identified neurofibromin as a pain chronification gene. 57 Following CRISPR/ Cas9-mediated editing of Nf1 in vivo, rats developed thermal hyperalgesia indicating an increased sensitivity to a noxious stimulus. We did not, however, observe hypersensitivity to an innocuous mechanical stimulus in rats with Nf1 truncation. Touch-evoked allodynia is believed to be mediated by normally innocuous stimulation of large diameter (ie, Ab) touch fibers in the presence of ongoing C-fiber input as would be present in the setting of injury and associated with central sensitization. 65 The loss of neurofibromin was induced in these rats in the absence of injury and therefore this result is not surprising. The observed thermal hyperalgesia is consistent with increased nociceptor excitability. These findings also highlight the difference between neurofibromin truncation and single allelic loss of Nf1 gene in the heterozygous Nf1 1/2 mice, where heat hyperalgesia was not observed.
50 Nf1 1/2 mice rely on global heterozygous truncation of 1 allele of the Nf1 gene rather than the expression of a truncated neurofibromin in the DRG/spinal dorsal horn. However, the different outcomes might be related to species differences. Female, but not male, rats with Nf1 editing had lowered nociceptive thresholds in the paw pressure RandallSelitto test. While the reason for this gender-specific difference is not currently known, our data are in line with previous findings which reported that female Nf1 1/2 mice exhibit a subtle enhanced mechanical sensitivity to lower force Von Frey filaments. 61 This observed enhancement in mechanical hyperalgesia is consistent with a generalized enhancement in excitability of C-fibers.
Importantly, truncation of neurofibromin in the brain recapitulates cognitive deficits that lead to alterations in memory formation 56 and emotional processing, 40 features noted in patients with NF1. In Nf1 1/2 mice, glutamate and GABA neurotransmission were also reportedly elevated together with a deficit in long-term potentiation in the amygdala. 40 Pain sensation is believed to involve multidimensional processing in a distributed network of cortical, thalamic, and emotional brain centers 48 including the amygdala. 41 Together, these alterations could impair the emotional processing of a pain sensation thus and neurofibromin controls channel activity. Our previous work identified a direct binding between CaV2.2 and CRMP2 leading to a CRMP2-mediated increase in Ca 21 current density and increased transmitter release in sensory neurons. In addition, CRMP2 was reported to bind to neurofibromin. Loss of neurofibromin increases CRMP2 phosphorylation, which in turn, can increase its association with CaV2.2 and NaV1.7. The direct association of neurofibromin with nonphosphorylated CRMP2 may protect it from phosphorylation. Here, we propose to control the activity of CaV2.2 via an enantiomer of a clinically available small molecule ((S)-LCM) that interferes with the neurofibromin-CRMP2-channel interactions. (B) Representative Western blot (top) and summary histograms (bottom) of Cdk5-phophorylated (ie, p5222) and total CRMP2 from spinal cords of rats isolated 10 days after intrathecal injection with plasmids harboring control or Nf1 sgRNAs (n 5 4 each; *P , 0.05, Student's t test). (C) Peak CaV2.2 current density, at 210 mV, in dorsal root ganglia (DRG) neurons transfected by Nf1 sgRNA containing plasmid and treated with either 10 mM (S)-LCM or DMSO 0.04%. Line shows peak CaV.2.2 current level in DRG neurons transfected with the empty plasmid. (D) Peak current density for Total, tetrodotoxin-sensitive (TTX-S) or TTX-resistant (TTX-R) VGSC in DRG neurons transfected by Nf1 sgRNA containing plasmid and treated with either 10 mM (S)-LCM or DMSO 0.04%. Line shows peak current level in DRG neurons transfected with the empty plasmid. Representative micrographs (E) of and summary (F) of the relative membrane localization of CaV2.2 and NaV1.7 (compared to cytosol) in DRG neurons transfected by Nf1 sgRNA containing plasmid and treated with either 10 mM (S)-LCM (n 5 11) or DMSO 0.04% (n 5 12). Asterisks indicate significance compared with control sgRNA transfected cells (*P , 0.05, Student's t test). 5 11 each) . Summary of the resting membrane potential (in millivolts, mV) (G), AP spike height (in mV) (H), and AP half width (in milliseconds, ms) (I) in the indicated conditions. Asterisks indicate significance compared with control sgRNA transfected cells (*P , 0.05, Student's t test). n.s., not-significant; P . 0.05; unpaired Student's t test. At least 11 to 14 cells were recorded from for the parameters shown in (G-I). (G) Thermal hyperalgesia (paw withdrawal latency) of male (J) and female (K) rats, 13 days after in vivo transfection with control or Nf1 sgRNA containing plasmids. Male rats (n 5 6-8) were orally administered 30 mg/kg of (S)-LCM and their paw withdrawal latency was followed for 4 hours. *P , 0.05 vs control sgRNA, Student's t test. Error bars represent mean 6 SEM. 2316 A. Moutal et al. explaining the conflicting pain behavior observed in this mouse model. The advantage of the spinal CRISPR/Cas9 approach used here is that it allows us to model a potential mechanism relevant to a symptom of patients with NF1, rather than attempting to capture the full spectrum of the disease itself. Importantly, anxiety-related behaviors in male and female rats were not affected by Nf1 editing, demonstrating that our reductionist approach of symptom-specific modeling of a multifaceted disease permits mechanistic studies into pain and NF1.
CRISPR/Cas9 is a powerful technique for genome editing. 52 It involves directing the nuclease Cas9, via a guide RNA, to bind to a site in a gene (here, exon 39 for Nf1) to catalyze a double stranded break in the DNA. This break is repaired by a non-endjoining endogenous DNA repair mechanism, an error prone event, leading to random insertion/truncation events, which here lead to the appearance of an early stop codon and expression of a C-terminally truncated neurofibromin. Whether this editing resulted in a single copy of the Nf1 gene (ie, a hypomorphic allele) which models 80% of patients with inherited NF1 mutations 20 that have a single full-length copy is not known and is therefore a potential limitation of our model. The editing guide RNA was targeted to exon 39 of Nf1 to avoid the Ras GAP domain of NF1. Inactivating mutations of the GAP domain in neurofibromin result in tumorigenesis, including malignant peripheral nerve sheath tumors. The tumors impinging on nerves in patients with NF1 have been associated with pain. 12 As CRISPR/Cas9-mediated editing of Nf1 in vivo resulted in development of thermal and mechanical hyperalgesia, these findings argue against a role for the GAP domain in pain. The increased ERK phosphorylation in Nf1-edited spinal cord lysates is further evidence of a Rasindependent function of neurofibromin. Since Ras is overactivated following loss of neurofibromin in NF1, considerable effort has been geared to achieving inhibition of Ras signaling pathway for management of NF1 symptoms. 69 Our approach identifies a new domain within neurofibromin's C-terminus that is especially linked to pain in NF1 and can be targeted independently of Ras. It was recently reported that neurofibromin is a direct binding partner of G protein bg subunits and that its truncation prevents the opioid-receptor-induced activation of Ras. 66 Taken together, this suggests that although the GAP domain of neurofibromin is not involved in nociceptive signal facilitation, it might be responsible for failure of pain management in patients with NF1.
In the course of studying mechanism(s) related to ion channel dysregulation induced by loss of neurofibromin, we discovered a novel regulatory pathway controlled by CRMP2, a protein that interacts with the C-terminal domain of neurofibromin. 51 Recent studies from our group and others have established CRMP2 as a bona fide target for pain with CRMP2-derived peptides 2,24 and adenoviruses 23 as well CRMP2-modifying small molecules 42 being anti-nociceptive. Furthermore, CRMP2 was found to interact with CaV2.2 to positively regulate its activity. 3 CRMP2 was also described to positively regulate NaV1.7. 18, 19 This TTX-S Na 1 channel controls sensory neuron excitability and mutations in this channel are linked to pain syndromes in humans. 15 The fact that loss of neurofibromin resulted in increased peak current densities for these channels echoes with their regulation by the neurofibromin interacting protein: CRMP2. Our studies do not address which of the channels is more important. Collectively, these findings triangulate to suggest that loss of CRMP2 regulation by neurofibromin to be pathological event underlying the hyperalgesic phenotype of CRISPR/Cas9 Nf1 edited rats. While the lowered threshold for thermal stimulation is consistent with an enhanced excitability observed in Nf1-edited rats, the molecular basis for this remains unknown. One possibility, not tested here, could be upregulation of the heat sensor transient receptor potential cation channel V1. 5 An upregulation of NaV1.7, as reported here, could alternatively explain the thermal hyperalgesia as a recent study demonstrated the necessity of NaV1.7 for heat nociception. 38, 68 Here, we report a novel strategy converging on the targeting of CRMP2: inhibiting CRMP2 phosphorylation by Cdk5 (an event regulated by neurofibromin) with the small molecule (S)-LCM. Blocking phosphorylation of CRMP2 reversed ion channel dysregulation, increased excitability to normal levels, and normalized pain behaviors elicited by Nf1 editing to control levels in vitro and in vivo. From a translational point of view, the small molecule (S)-LCM is an inactive enantiomer of an FDA-approved drug Vimpat©. (S)-LCM inhibits CRMP2 phosphorylation by Cdk5, 46 which is required for CRMP2's coupling to CaV2.2 4, 46 and NaV1.7. 18 Specificity of (S)-LCM for CRMP2 phosphorylation can be inferred from the lack of inhibition of calcium and sodium influx in cells expressing a constitutively phosphorylated version of CRMP2. That the anti-epileptic enantiomer (R)-LCM is unable to inhibit Cdk5-mediated CRMP2 phosphorylation or calcium influx 42 also supports the contention that (S)-LCM's actions are via inhibition of CRMP2 phosphorylation. In addition, we have previously reported that cephalic and extracephalic cutaneous allodynia induced in rats by activation of dural nociceptors with a cocktail of inflammatory mediators, was inhibited (peak effect observed at 2 hours) by oral administration of (S)-LCM. 45 Notably, spinal administration of (S)-LCM did not result in motor deficits or sedation. 42 (S)-LCM is 100% orally available and pharmacological studies have determined its half-life in serum to be ;3 hours. 31 Our studies did not determine the site of action of oral (S)-LCM, which could reflect mechanisms within the brain, in the periphery or both. However, as spinal administration of (S)-LCM reversed postsurgical and neuropathic pain in preclinical animal models, 42 the site of action is likely within the spinal cord. (S)-LCM would be expected to show a similar safety profile as Vimpat and to be a promising small molecule to be evaluated in human clinical trials for pain related to NF1.
Modeling pain of NF1 through facile CRISPR/Cas9 editing of the Nf1 gene can be added to the extensive toolbox for scientists as an alternative model for symptom-specific modeling of NF1. The parallel characterization of ion channel dysregulation and excitability related to pain behavior in Nf1 edited neurons identifies the molecular basis for increased pain sensitivity reported by patients with NF1. 36, 64 Our work identifies a novel CRMP2-related pathologic event responsible for increased pain sensitivity in NF1. Targeting CRMP2 may represent a new therapeutic approach for pain management in patients with NF1. Future studies could target editing of recurrent mutations found in human patients in a precision medicine style approach to interrogate the link to pain.
